(Submitted for publication June 16, 1961 ; accepted August 10, 1961) Although proteins isotopically labeled with iodine have been used in tracer studies for some years, interest has been mainly focused on their distribution and degradation in the body. While it is often possible to produce iodoproteins whose physical and chemical properties are not grossly altered, the possible effects of iodination on the functional properties of such substances in a physiologic setting have been less thoroughly investigated. That it is possible to trace label proteins without significantly reducing their biological activities has been demonstrated in the case of insulin (2) and certain anterior pituitary hormones (3, 4) .
Transferrin (siderophilin, iron-binding globulin), a /3-globulin found in the plasma of man (5, 6) and other animal species (7, 8) , is thought to function primarily as a transport vehicle for iron (9) . It is remarkably similar in its metalbinding properties to conalbumin, an egg white pseudoglobulin, and, indeed, it has been suggested that the binding sites in the two proteins are similar (10) . At neutral or mildly alkaline pH and in the presence of bicarbonate, both proteins firmly bind two ferric ions per molecule, forming colored complexes which have approximately the same absorption maximum (11) (12) (13) (14) . It has been shown that the iron-binding capacity of uncomplexed conalbumin is markedly diminished by a variety of chemical procedures which include iodination. This suggests that the specific interaction between metal and protein depends on the structural integrity of the latter (15) . However, Azari and Feeney (16, 17) have recently * A preliminary report of this study has appeared in abstract form (1) . This work was supported by Training Grant no demonstrated that not only is the iron complex of conalbumin more resistant to proteolysis and thermal denaturation than the metal-free protein, but that it is possible to maintain the iron-binding capacity of the former after extensive iodination.
Since both iron and transferrin levels are affected in a variety of disease states, a technique in which both can be followed simultaneously in vivo should prove valuable. Elmlinger and coworkers (18) have reported in abstract form on the use of doubly labeled "iron-binding globulin" in human subjects, but few details were given as to the methods of preparation and the distribution of the two labels.
The following study was undertaken to determine if the protein moiety of the iron-transferrin complex could be labeled with iodine without affecting its binding properties. When this was found to be possible in vitro, the behavior of the doubly labeled crystalline transferrin was then investigated in eight normal subjects.
MIETHODS
Three times recrystallized human transferrin was obtained in its iron-free form 1 (19, 20) . This material was at least 97 per cent pure, by moving boundary electrophoretic criteria. A similar preparation has been shown to have 0.5 per cent albumin and 0.2 per cent -y-globulin, as determined immunologically (21) . Starch gel electrophoresis of this material at pH 8.5, using the method of Smithies (22) , yielded a single band corresponding to the transferrin C phenotype (23 Optical titrations (6) were carried out in the same buffer by adding varying amounts of iron to equal aliquots of protein. The resultant solutions were checked at intervals to determine if maximal color development had been attained; generally the final readings were not taken for 18 hours.
Iodination was carried out as follows: 8 to 10 per cent solutions of transferrin (iron-saturated or iron-free) were first thoroughly dialyzed against 0.1 M Tris buffer to bring the pH to 8.5 and to remove excess iron. Iodine was added dropwise with constant stirring to samples of the protein kept in an ice bath. The iodinating solutions contained '2 and KI in a molar ratio of 1: 2 or 1: 4 plus carrier-free KI1. Because of the presence of bisulfite in commercial K1P81, the molarity of the iodine was checked immediately before use by titration against arsenate. After addition of the required amount of the iodine, the mixtures were allowed to stand in the ice bath for 4 to 6 hours and then passed slowly through a Dowex-1 column (Clcycle, buffered at pH 8.5 with 0.01 M Tris). This removed 98 to 99 per cent of the excess I-. When extinction coefficients were to be determined, the solutions were then dialyzed thoroughly against several changes of 0.02 M Tris, 0.1 M NaCl, pH 7.5 buffer.
Dry weights (determined in duplicate) were determined by lyophilization of duplicate aliquots in a vacuum oven at 65°C until constant weight was achieved. The weight of the salt in the final dialysate was subtracted to give the net weight of protein. No Donnan correction was made. The optical density was read against a dialysate blank.
For purposes of stoichiometry the reaction was presumed to proceed as follows: I3 + R --RI + 2 I-.
It should be noted that when iodine (2 equivalents per mole) and iodide are present in the iodinating mixture in a molar ratio of 1: 2, a maximum of 25 per cent of the added radioactivity will be bound if the above reaction goes to completion, assuming that the labeled iodide is in ready equilibrium with the stable triiodide ion. Thus, the iodine content of the transferrin may be calculated from the radioactivity of the protein per unit weight, with reference to the specific activity of the iodinating solution expressed in terms of counts per equivalent of total iodine plus iodide. It was in fact demonstrated that the specific activity of the labeled transferrin was within 6 per cent of that of the iodinating mixture by means of direct chemical determinations of each in two experiments. 3 In these calculations the molecular weight of transferrin was taken as 86,000. The yield, as given in the results, compares the actual iodine content per mole of protein with that of the theoretical maximum under a given set of conditions. When prepared for injection, transferrin was initially saturated with stable iron and, after iodination as ahove with a total of 2 to 3 mc I"m, the iron was removed by 3 These determinations were performed by the Graham Laboratories, Brookline, Mass. lowering the pH to 5.5 to 5.6 with an acetate-EDTA' buffer (19) . Decolorization of the complex was complete in 1 hour; the solutions were then dialyzed to bring the pH back to 7.5 and to remove the EDTA. Fe' was then added to the desired level of saturation. After further dialysis against 0.02 M NaHCO3, 0.1 M NaCl (pH 7.4 to 7.6), the solution was passed through a Millipore filter 5 (pore size 0.3 ,u) into sterile containers. The final concentration of protein was 2.5 to 4.0 g per 100 ml. It contained 12 to 25 ,c of I"31, and 1 to 2 ,uc of Fe59 per ml. Less than 0.1 per cent of the iodine radioactivity was unbound as determined by trichloroacetic acid precipitation.
Processing took 3 days and the material was administered within 5 days of the initial addition of I31. It was calculated (24) that no more than 3,000 rad was absorbed by the transferrin prior to injection. Analytic ultracentrifugal patterns were obtained in a model E Spinco ultracentrifuge. 6 The human transferrin immune serum used was derived from rabbits 7 and was found to produce a single band of precipitation against serum and crystalline transferrin in Ouchterlony (25) plates. Quantitative precipitin curves in the zone of antibody excess were constructed by the method of Gitlin (26) .
Chromatograms were done on Whatman no. 1 paper using the salt-saturated solvent (A) described by Mc-Menamy, Lund and Oncley (27) . Digests were prepared in 4 M Ba(OH)2 in sealed tubes at 1050 C. The papers were stained with either Pauly's reagent or isatin, as described by the same authors. Monoiodotyrosine (Rf, 0.41) and diiodotyrosine (Rf, 0.19) reacted with both these stains, although less well than tyrosine itself. In addition to visual estimation against standards, the iodinated protein chromatograms were scanned in a strip counter or radioautographed.
The volunteers used in the in vizvo studies were all healthy white males, 25 to 43 years of age. All received 10 drops of Lugol's solution daily. The doubly labeled transferrin was delivered intravenously from calibrated syringes from which standards were also prepared. The total amount of protein and iron injected did not exceed 70 mg and 90 ,ug, respectively (about 2 to 3 per cent of the total plasma content of each). Each subject received 30 to 50 ,uc of I31 and 3 to 4 ,uc of Fe'. Six to 7 ml of blood was drawn at 10to 30-minute intervals for the first 3 hours and approximately 6 hours after injection and the plasma immediately separated. Daily samples were taken thereafter for 18 to 21 days and, in addition to plasma, aliquots of whole blood, hemolyzed with saponin, were saved for counting. Serum iron and total iron-binding capacity (TIBC) were determined on samples drawn immediately before injection of transfer-rin and about 2 weeks later. The method of Peters, Giovanniello, Apt and Ross (28) (29) (30) was used for both.
Radioactivity was measured in a sodium iodide scintillation well counter. Simultaneous Fe' and I" content was determined using an adaptation of the method of Hine and associates (31) in which two scalers, set at different discrimination levels (200 and 700 Kev), were employed. The sample counts are then compared to pure Fe59 and I"~under identical conditions. By means of the comparative counting sensitivities of the scalers, simultaneous equations may be derived which define the relative proportions and absolute amounts of the two isotopes in the mixed sample. This method yields a higher counting rate than would be obtained by using a narrow-window pulse-height analyzer. Net counting rate on the scaler with the lower discriminator setting was at least three times background, and sufficient counting time was employed to give an over-all counting error of not more than 3 to 4 per cent.
Body counting was performed with the apparatus described by Hine, Jagger and Burrows (32) . The recording system was as described above, except that a correction was made for the difference in geometry between standards and the body.
The terms and methods of calculation used for iron kinetics are those of Huff and co-workers (33) . Venous hematocrit was corrected by a factor of 0.92 in calculating red cell mass. Plasma volume was determined on the basis of the dilution of I" as extrapolated to zero time. Transferrin concentration of plasma in milligrams per 100 ml was calculated as TIBC (,ug per 100 ml) /1.30. Immunologic determinations of transferrin concentration agreed closely with the above.
RESULTS
A. Chemical studies. The addition of iodine to both iron-free and iron-saturated transferrin was practically quantitative, 89 to 98 per cent of the theoretical yields being obtained. This is apparently due to the large number of tyrosine residues present (about 30 per mole on the basis of chromatographic estimation) and the absence of reduced sulfhydryl groups in the transferrin molecule (34) .
The original transferrin, fully saturated with iron, had a broad visible absorption maximum with a peak at 465 mju where the extinction coefficient (E1%/4e5) was 0.63.8 Optical titration at this wave length indicated a binding capacity of 1.30 Fe per mg transferrin, equivalent to a molecular weight of 86,000 for the protein. The same value was obtained by means of the specific activity of Fe59 in samples that were first passed through a cation-exchange column, which removes traces of nonchromogenically bound iron.
The effect of iodination on the visible extinction of transferrin and its iron-binding capacity is shown in Table I . Only a slight change was noted when up to 14 atoms of iodine per mole of protein were incorporated into the iron-complexed protein. In contrast, a moderate but progressive decrease in El%,,4 was noted when iron-free transferrin was iodinated and subsequently saturated with iron (Table II) .
The ultraviolet spectrum in 0.1 N NaOH was little changed in the region of 279 mit, but increasing absorption was noted in the region of 308 to 312 mu as the iodine content of the transferrin was increased. Although this appeared to indicate the presence of diiodotyrosine, which has its absorption maximum at 311 mM,, chromatographic analysis of the iodoproteins indicated that all of the radioactivity moved as monoiodotyrosine. Evidently the absorption maximum of monoiodoty- 0.51 * All of the above were iodinated in the iron-free state. The extinctions were obtained after addition of excess iron, followed by dialysis. Binding capacity was not determined as such in this series. rosine, which is 305 mu in basic solutions, is increased somewhat in the peptide chain.
When lightly iodinated transferrin (0.9 atoms iodine per mole) saturated with Fe59 was dialyzed at room temperature for 48 hours against a large volume of human serum, no radioiodide appeared in the dialysate. The great stability of the iron protein complex was indicated by the fact that only 9 per cent of the theoretical amount of iron that could be bound by the transferrin in the serum crossed the membrane in the 48 hours.
Iron was removed from this preparation by lowering the pH to 5.6 in the presence of EDTA.
After EDTA was eliminated by dialysis and the pH raised to 7.5, the binding capacity was unchanged. E1%279 of the iron-free material was 11.1 and that of the iron-saturated protein 13.7, which were the same as the values of the uniodinated transferrin. Ultracentrifugation of the lightly iodinated transferrin in 0.15 M NaCl, 0.01 M Tris, pH 7.5, gave patterns which were identical with that of the original protein. Sedimentation of a 1 per cent solution of iron-saturated transferrin at 25°C was 5.1S (Figure 1 ). Immunologic studies on this material revealed no obvious alteration in either the precipitation patterns produced in Ouchterlony plates or in the quantitative precipitin curves as compared with normal human serum and untreated crystalline transferrin.
B. In vivo studies. Four separate preparations of iodinated transferrin, each doubly labeled, were used in these studies: I) 0. Ferrokinetic data in the eight subjects are summarized in Table III . Since relatively small amounts of Fe59 were injected, plasma clearance could be accurately followed for only 3 to 6 hours i2X:X0;ffia;Xtiv;9i->Mw0;iML; 0 Ñ~~~~~~~~~~~~~~t t k i 0 X < :7 after injection. During this interval the iron dis-Red cell utilization of iron was maximal on the appeared at what seemed to be a single exponential eighth to tenth day after inj ection, at which time rate. With the exception of A.D., whose serum 75 to 92 per cent of the Fe59 was in the circulating iron was at the upper limit of normal, it appeared red cell mass. This is again within the range that the clearance was more rapid in those subfound when plasma-bound iron is injected.9 jects given transferrin fully saturated with iron.
Protein kinetics are summarized in Table IV . Variation in serum iron levels makes direct com-The initial rate of disappearance of transferrin parison difficult, since the calculated plasma iron from the plasma (over the first 3 to 6 hours) did turnover values diminished the apparent differnot exceed 5.7 per cent per hour, i.e., the half-life ences, although the three highest values for turnover were found in those subjects given prepara- 9 The values obtained in this laboratory in normal subtions I and II. However all values were within jects using whole plasma to bind radioiron have been: of this initial disappearance (Tit) was greater than 12 hours. This is about the same rate at which albumin initially diffuses from the plasma (39) . No significant difference was noted in the four preparations used. Plasma volumes obtained by extrapolating iodine counts to zero time were likewise similar to those obtained by others when radioalbumin was used (40) . Indeed, in two subjects Evans blue plasma volume determinations were within 8 per cent of the isotope dilution volumes. In all subjects, zero time I'3and Fe59 counts, expressed as the fraction of the respective isotope injected, agreed quite closely (Figure 2A ). Graphical analysis of curves constructed from plasma transferrin disappearance over the ensuing 3 days ( Figure 2B ) indicated that the initial rate of dif- fusion did not vary significantly and corresponded to the rate observed over the first few hours. Although this apparently indicates that plasma transferrin interchanges with a single extravascular compartment (41) , the presence of additional small or very slowly turned over compartments cannot be excluded from the available data. Equilibrium of the tracer in the plasma with such a compartment or compartments was achieved in 4 to 5 days. Thereafter the protein disappeared at a single exponential rate with a half-life of 6.7 to 8.4 days (the half-life obtained from Days 5 to 12 did not differ significantly from the half-life obtained by including subsequent points). Extrapolation of this linear portion of the curve to zero time indicated that 56 to 62 per cent of the total exchangeable transferrin was extravascular.
Body counting of radioiodine ( Figure 2B ) in two subjects gave disappearance rates which were in fair agreement with that obtained from the linear phase of the plasma curves (in H.L. plasma and body half-lives were 8.0 and 8.7 days and in R.M. 7.0 and 7.3, respectively). No evidence of localization of radioiodide was found in the region of the thyroid. Previous observations using radioiodinated albumin have indicated that body-counting disappearance curves closely paralleled those derived from urinary and fecal excretion data (42) . It is therefore felt that the plasma data in this study gave a good estimate of the actual degradation rate.
The total exchangeable pool of transferrin ranged from 0.23 to 0.30 g per kg body weight. On this basis 0.022 to 0.030 g was degraded per day per kg. Since transferrin levels were reasonably stable (levels did not vary by more than 10 per cent during the period of study), a steady state may be assumed and the same figures would apply to the synthetic rate.
DISCUSSION
The great avidity of transferrin for iron appears to account for its primary function as a regulator of the metabolism of the metal in the body. The concentration of ionic iron in the presence of transferrin is exceedingly small provided the binding capacity has not been exceeded. The stability constant of the complex has been estimated as 1029 (43) . Recent evidence has suggested that it may play an important part in the control of absorption of iron from the gut (44) . Furthermore, the interaction of the protein at specific cellular sites may determine the distribution and chemical form of the iron incorporated into such tissues as marrow and liver (45, 46) . The studies presented herein indicate that the protein moiety of the transferrin-Fe complex can be labeled with radioiodine without changing its binding properties in vitro. Gross physical and immunologic characteristics were likewise unchanged. It was felt, therefore, that such a substance could be validly employed as a tracer in vivo when both iron and protein kinetics were to be followed.
Dialysis studies indicated that there is a very slow interchange of iron with unsaturated transferrin once the metal is bound within a given molecule. A similar observation has been made recently by Turnbull and Giblett (47) who have employed electrophoretically separable variants of transferrin. It is, therefore, a reasonable assumption that the two isotopes remain on the same transferrin molecule until the iron is removed, there being essentially no interchange of the latter with indigenous protein during the first few hours after injection.
Bothwell, Hurtado, Donohue and Finch (38) found that iron disappearance was significantly slower in subjects given radioiron bound to fraction IV-7 of Cohn as compared with simultaneously determined clearances using iron bound to plasma. The crystalline transferrin used in the present study is derived from fraction IV-4, the immediate source of fraction IV-7 (20) . However, the plasma clearance and red cell utilization in the eight subjects studied was within the relatively wide range found by these workers and others (35) (36) (37) when plasma-bound iron is injected.
It is realized that comparison with previous data of this sort is somewhat tenuous in view of the variability of these values, not only among different subjects but for the same individual at different times. The use of a double-iron isotope technique employing Fe55 and Fe59 (38, 47) , which might have allowed the direct assessment of any differences in clearance, was precluded by the lack of suitable equipment and the desire to minimize radiation dosage. While it cannot therefore be stated with certainty that there was no alteration in the unloading and normal distribution of iron in vivo, the results suggest that these characteristics are not grossly affected by the methods employed in the isolation and iodination of transferrin.
The observation that transferrin disappears from the plasma compartment much more slowly than the rate at which iron is cleared is similar to the findings of Elmlinger and associates (18) , and is consistent with the hypothesis of Laurell that iron is dissociated from transferrin prior to the passage of the protein through the capillaries (9) . However, the latter author stated that the process by which this dissociation occurs involves a simple equilibrium between intra-and extravascular ionic iron. In view of the strength of binding, as noted above, it is difficult to see how such a process can account for the rapidity with which iron disappears from the plasma. Jandl, Inman, Simmons and Allen (45) have indicated that transferrin in some manner preferentially directs iron into hemoglobin-synthesizing reticulocytes in the presence of mature red cells.
They suggested that this depends on a specific interaction of transferrin with the surface of reticulocytes. Recent studies employing a preparation of transferrin identical with those used in this report appear to confirm this hypothesis (48) .
If such adsorption occurs on erythropoietic cells in general, another possible explanation for the discrepant rates of iron and protein disappearance may be inferred. Bone marrow sinusoids, which are intimately dispersed throughout erythropoietic tissue, appear to be lined by multifunctional reticular cells, to lack a definite basement membrane, and to be frequently discontinuous (49, 50) . Furthermore, the marrow does not contain separate lymphatic vessels, the sinusoids presumably subserving this function. The circulation is therefore "fundamentally open in character" (49) . Thus, transferrin may be directly absorbed from and eluted into the functional confines of the vascular compartment. Since the turnover rates of adsorbed transferrin in reticuloyctes have been found to be quite rapid (48) , probably only a small fraction of the transferrin molecules present in this compartment is adsorbed (i.e., sequestered) at any given time, at least in normal subjects. Therefore, no great effect on plasma volume would be noted when determined by dilution of the protein tracer. The clearance of iron may thus be a function both of the rate of turnover of the adsorbed Fe-transferrin complex and the rate of extraction of the metal therefrom by the developing red cells. Some evidence that these two rate processes are interrelated has been obtained from the in vitro studies cited above (48) . In any event, the extravascular migration of iron in the complexed or ionic state need not be involved.
More than 50 per cent of the exchangeable pool of transferrin was found to be extravascular. Part of this extravascular protein can be found within the cells of various tissues (51) . The relatively rapid changes seen in the iron-binding capacity of plasma, which occur in infection, may be a result of redistribution of the transferrin pool. In this regard, Cartwright, Gubler and Wintrobe (52) have found that the reticuloendothelial blockade produced by thorium dioxide inhibits the fall in transferrin level usually noted in infected dogs. Similarly, the increase in plasma transferrin found in iron-deficient states may represent shifts in the opposite direction. The extremely rapid changes observed by Mitchell and co-workers (53) when iron is given in such a situation can only be explained on the basis of redistribution of the transferrin. As indicated by these authors, this may well be due to an increase in transferrin adsorption to cellular sites.
The turnover of transferrin as obtained in this study lay between that observed for albumin (54) on the one hand, and the lipoproteins (55) on the other. Gitlin, Janeway and Farr (56) , who also used iodine-labeled crystalline transferrin, found that the metabolic half-life was 12 days in one normal child. Not only may the procedures employed in obtaining fractions for labeling affect the degradation rates of the protein, but other factors, such as the extent of iodination (57) and the degree of absorption of radiation (54, 58) , affect its behavior in the body. Although care was taken to minimize the latter factors, it is impossible to state how closely the turnover of the transferrin used in this study corresponds to that of the native protein.
However, the fact that several preparations disappeared at an apparently uniform and reproducible rate over 3 weeks, during which time more than 75 per cent of the labeled transferrin had been degraded, suggests that no significant degree of catabolic heterogeneity had been produced. SUM MARY 1. Iodine may be incorporated in small amounts into transferrin in its iron-complexed state without materially affecting its binding capacity and immunologic properties in vitro.
2. Iron and protein kinetics were followed in eight subjects after the administration of human crystalline transferrin labeled with both Fe59 and I131.
3. Iron clearance and red cell utilization were within the limits found in previous studies which have used radioiron bound to plasma. Initial transferrin disappearance from plasma was at least six times slower than the rate at which iron was cleared.
4. The total exchangeable pool of transferrin was determined as 0.2 to 0.3 g per kg body weight, .of which 56 to 62 per cent was extravascular.
5. The metabolic half-life of four separate preparations of iodinated transferrin varied from 6.7 to 8.4 days.
